Oxidative stress and inflammation interact in the development of diabetic atherosclerosis. Intracellular hyperglycemia promotes production of mitochondrial reactive oxygen species (ROS), increased formation of intracellular advanced glycation end-products, activation of protein kinase C, and increased polyol pathway flux. ROS directly increase the expression of inflammatory and adhesion factors, formation of oxidized-low density lipoprotein, and insulin resistance. They activate the ubiquitin pathway, inhibit the activation of AMP-protein kinase and adiponectin, decrease endothelial nitric oxide synthase activity, all of which accelerate atherosclerosis. Changes in the composition of the gut microbiota and changes in microRNA expression that influence the regulation of target genes that occur in diabetes interact with increased ROS and inflammation to promote atherosclerosis. This review highlights the consequences of the sustained increase of ROS production and inflammation that influence the acceleration of atherosclerosis by diabetes. The potential contributions of changes in the gut microbiota and microRNA expression are discussed.
pervasiveness of atherosclerosis, infiltration of inflammatory cells, and plaque necrosis [4] .
Atherosclerosis is a complex process that is seen as an inflammation response to injury and involves the interaction of numerous cell types with formation of fatty streaks that progress to atheromatous plaques, plaque destabilization, and rupture. Endothelial dysfunction is an early event in the disturbance of vascular homeostasis, and it stimulates the production of proinflammatory cytokines such as interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1) and adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and E-selectin. These events promote monocyte and T-cell adhesion to the vascular endothelium and infiltration to form neointima lesions. Proinflammatory cytokines such as tumor necrosis factor-α (TNF-α) promote formation of macrophages in the subendothelial space that internalize oxidized-low density lipoprotein (ox-LDL), form foam cells and contribute to fatty streak formation. Subsequent activation of matrix metalloproteinases, collagen degradation, migration and proliferation of vascular smooth muscle cells (VSMCs) and endothelial cells, all contribute to atherosclerotic plaque development [2, 5] .
The presence and extent of oxidation products of lipids and proteins in vascular lesions and the relation to the severity of atherosclerotic disease was first described in the 1950s [6] . The role of hyperglycemia in promoting overproduction of ROS by the mitochondrial electron transport chain and the contribution of prolonged production of mitochondrial superoxide to development of diabetes-related vascular damage was proposed by Brownlee [7] . Excess superoxide leads to DNA strand breakage, activation of nuclear poly ADP ribose polymerase (PARP), which inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH), shunting early glycolytic intermediates into pathogenic signaling pathways. The progression of atherosclerosis is then promoted by increased intracellular formation of advanced glycation end-products (AGEs), activation of protein kinase C (PKC), the polyol pathway, and the hexosamine pathway. These pathways may promote additional vascular ROS production that activate proinflammatory pathways associated with key molecular events in atherogenesis [2, 7, 8] . Excess ROS accelerate inflammation in atherosclerosis indirectly by increasing the formation of ox-LDL, promoting insulin resistance, activating ubiquitination-related pathways, and decreasing the activation of adiponectin, AMP-activated protein kinase (AMPK), and endothelial nitric oxide synthase (eNOS) [9] .
Recent progress in understanding the involvement of oxidative stress and inflammation in the pathogenesis of diabetic atherosclerosis has been accompanied by investigations of the roles of micro(mi)RNAs and gut microbiota. The gut microbiome has endocrine functions, producing molecules that communicate with distal organs and influence metabolism-dependent pathways. Diabetes mellitus leads to microflora dysfunction that alters the production of metabolites. Increased uric acid results in generation of ROS and increased lipopolysaccharide (LPS) activates nuclear factor-κB (NF-κB) expression, both of which accelerate atherosclerosis progression [10, 11] . Diabetes mellitus has been associated with increased expression of some miRNAs, including miR-128-1, that can be detected in body fluids and may become markers of atherosclerosis or therapeutic targets. MiR-128-1 may modulate PKCβ interaction with ox-LDL to induce the overexpression of intercellular adhesion molecule (ICAM)-1 and activation of intracellular signaling to decrease AMPK antiatherogenic activity. Increased miR-200c expression promotes ROS production [12, 13] . The activities of the gut microbiota and miRNAs in diabetes mellitus and atherosclerosis are well investigated, but evidence linking them to the pathogenesis of diabetes-accelerated atherosclerosis is not extensive. This review will discuss the impact of diabetes mellitus on the acceleration of atherosclerosis via oxidative stress-induced inflammation, and changes in miRNAs and gut microbiota. Hyperglycemia causes mitochondrial overproduction of ROS via a greater oxygen use, high redox potential and mito-fission state. Increased ROS leads to nuclear DNA damage and activates nuclear PARP, which inhibits GAPDH activity, shunting early glycolytic intermediates into pathogenic signaling pathways, including activation of polyol pathway, PKC and AGE. These pathways amplify production of ROS and promote pathogenic inflammation progression in atherosclerosis. The polyol pathway generates ROS by consuming NADPH and GSH, and increasing subsequent NADH oxidation during the conversion of sorbitol to fructose. As a key rate-limiting enzyme of polyol pathway, AR promotes the expression of inflammatory cytokines such as TNF-α and NF-κB. Inhibition of GAPDH contributes to DHAP production and subsequent increase of PKC and AGE, both of which induce an increase in NADPH oxidase, inflammation factors expression and a decrease in eNOS activation. Moreover, PKC promotes insulin resistance by inhibiting downstream expression of PI3K-AKT. As a precursor of the majority of AGE adducts, methylglyoxal is increased in hyperglycemia, and then promote the expression of AGE, RAGE and RAGE ligands.
Hyperglycemia-induced excessive ROS production and accelerating atherosclerosis
ROS can be generated in the vascular wall by NADPH oxidase, xanthine oxidase, the mitochondrial electron transport chain, and uncoupled eNOS [9] . Increased ROS in pancreatic β-cells suppress insulin generation by inhibiting insulin gene transcription factors such as pancreatic and duodenal homeobox factor-1 (PDX-1) or v-maf musculoaponeurotic fibrosarcoma oncogene homolog A [14] . In atherosclerosis, ROS promote endothelial dysfunction and expression of inflammation factors, such as MCP-1, ICAM-1 and IL-1, all of which in turn induce ROS production, leading to a vicious cycle. Endotheliumdependent dilation dysfunction is correlated with decreased NO production and increased formation and release of endothelin induced by ROS. ROS also facilitate foam cell formation and proliferation and migration of vascular muscle cells in vitro [2] . The four main regulatory pathways of ROS production and their links to diabetes mellitus and atherosclerosis are shown in Fig. 1 .
Mitochondrial dysfunction
During the production of ATP by oxidative phosphorylation in the mitochondrial electron transport chain, 1-5% of the O 2 is reduced to superoxide O 2 radicals, which can be converted by antioxidant enzymes to hydrogen peroxide, hydroxyl free radicals, or react with NO to form peroxynitrite [15, 16] . Excess ROS production or insufficient antioxidant activity lead to mitochondrial oxidative stress, which occurs in various pathologies [17] . Previous studies have revealed that diabetes mellitus and atherosclerosis share the same oxidative stress and mitochondrial pathologies [18] . Hyperglycemia increases ROS production by driving mitochondria toward increased oxygen use and increased redox potential [19] and by shifting O 2 transport toward the respiratory chain complex II [7] . The conversion of ADP to ATP reduces membrane potential, and hyperglycemia increases ADP regeneration and consumption rates, resulting in decreased ATP formation, a continuing increase in membrane potential, and augmentation of ROS production [20] . Other effects of hyperglycemia that increase ROS production include an increased NADH/FADH2 ratio and increased mitochondrial fission with accumulation of fragmented mitochondria with impaired electron transport chain activity [21, 22] . Metformin slows the progression of diabetes mellitus-accelerated atherosclerosis by inhibiting mitochondrial fission in vascular endothelial cells via AMPK-mediated blockage of dynamicrelated protein 1 (Drp-1) expression [23] .
Hyperglycemia increases the mutation rate of nuclear DNA because exposure to oxygen radicals is increased [24] . The mechanism of ROSinduced breaks in nuclear DNA strands may include an increase in superoxide-related release of Fe 2+ from ferritin and iron-sulfur clustercontaining proteins and increase of hydroxyl radicals that lead to bond cleavage [25] . The DNA fragments activate nuclear PARP, a DNA repair enzyme, which inhibits GAPDH, shunting early glycolytic intermediates into pathogenic signaling pathways. These events increase intracellular formation of the major AGEs and activate PKC and the polyol and hexosamine pathways, which then promote the progression of atherosclerosis [26] .
Some evidence suggests that mitochondrial dysfunction pre-exists diabetes mellitus, as. increased ROS damages pancreatic β-cells and decreases peripheral tissue insulin sensitivity [14] . Elevated mitochondrial ROS is also associated with increased oxidation of LDL, vascular smooth muscle cell apoptosis, and endothelial cell dysfunction, all of which promote atherosclerosis [27] . Finally, mitochondrial dysfunction including changes in ATP production, and inflammation mediators may trigger pathogenic changes that promote diabetes mellitus and atherosclerosis [18] .
Increased intracellular formation of AGEs
AGEs are formed by a nonenzymatic reaction of ketones or aldehydes and the amino groups of proteins. Large amounts of ROS are generated during AGEs formation [7] , and oxidized AGEs activate receptor for AGEs (RAGE) to stimulate NADPH oxidase-1, which contribute to ROS production in diabetes [28] . And AGEs are known to be expressed in both infiltrating monocytes/macrophages and in cells of vessel walls, and as post-translational modifications of proteins that activate proatherogenic processes including oxidative stress, inflammation and the rennin-angiotensin system [29] . Inhibition of AGE accumulation has been shown to slow the progression of established diabetes mellitus-associated atherosclerosis [30] . Methylglyoxal, which is formed by the nonenzymatic fragmentation of the glycolytic intermediate triose phosphate, is a precursor of the majority of AGE adducts in diabetes mellitus [31] . In nondiabetic apolipoprotein E (ApoE) null mice, increasing plasma methylglyoxal concentration to diabetic levels caused endothelial inflammation and atherogenesis similar to that seen in mice with diabetes mellitus [32] . Intracellular methylglyoxal has also been found to increase the expression of both RAGE and S100 calgranulins, its endogenous proinflammatory ligands [33] .
AGEs can interact with two types of cell surface receptors, scavenger receptors involved in AGE capture, removal, and degradation and a pattern recognition receptor RAGE that initiates specific cellular signaling [34] . AGE-RAGE binding activates multiple signal transduction pathways that promote atherogenesis, including increased expression of VCAM-1, macrophage inflammatory protein-1 (MIP-1), MMP9, IL-1 and TNF-α that mediate leukocyte adhesion and vascular inflammatory reactions leading to mitochondrial dysfunction and cell death [35] . RAGE ligands in addition to AGEs, including S100 calgranulin family proteins and high mobility group protein B1 can activate innate immune system responses by toll-like receptor 4 (TLR4) signaling and increased NF-κB transcription factor activity [36] . Telmisartan has antiinflammatory activity that decreases AGE-induced C-reactive protein (CRP) generation by inhibiting RAGE expression caused by activation of peroxisome proliferator activated receptor (PPAR)-γ activation [37] . Glucagon-like peptide-1 (GLP-1) inhibits RAGE mRNA transcription, leading to a decrease of ROS production and subsequent decrease of VCAM-1 expression [38] . Finally, AGEs dose-dependently activate oxidative stress-mediated P38 activation of mitogen-activated protein kinase (MAPK) signaling in endothelial cells, which enlarges the inhibition of NO synthesis caused by AGEs [39] .
Activation of the polyol pathway
The polyol pathway includes a family of monomeric NADPH-dependent aldo-keto reductase (AKR) enzymes that catalyze the conversion of carbonyl compounds to sugar alcohols. In some cells, glucose is converted to sorbitol, and sorbitol is then converted to fructose by sorbitol dehydrogenase with NAD + as a cofactor. The polyol pathway is involved in the pathogenesis of diabetic complications including cardiovascular disease [40] , and studies in aldose reductase (AR)-deficient mice have shown that the polyol pathway contributes to diabetes mellitus-induced oxidative stress [41] . The generation of oxidative stress by the polyol pathway may begin with the conversion of glucose sorbitol, which consumes NADPH, a cofactor required to regenerate reduced glutathione (GSH), an important ROS scavenger. During the conversion of sorbitol to fructose by sorbitol dehydrogenase, the cofactor NAD + is reduced to NADH and the subsequent oxidation of NADH by NADH oxidase leads to the production of superoxide ions disturbing the balance of antioxidation and oxidation [42] . In animal studies, AGEs have been found to promote AKR enzyme mRNA and protein expression, and in one such model, elevation of dihydroxy acetone phosphate (DHAP) resulted in a further increase of AGEs and an increase of diacylglycerol (DAG) that led to activation of the PKC pathway [43] . This is a vicious cycle that exists in diabetes mellitus and may be associated with oxidative stress. Another animal study showed that the EGF receptor-ERK/MAPK pathway activated AR gene expression under oxidative stress [44] .
In ApoE knockout mice with diabetes mellitus, overexpression of human AR in endothelial cells accelerated atherosclerosis, which was prevented by pharmacological inhibition of the enzyme [45] . AR may also be able to accelerate the progression of atherogenesis and endothelial dysfunction by increasing the expression of inflammatory cytokines such as TNF-α in VSMCs [46] . AR activation of NF-κB and activator protein-1 (AP-1) also contributes to the synthesis and release of cytokines, chemokines, and other inflammatory markers, and AR inhibition was found to decrease NF-κB activity and reduce hyperglycemia-related inflammation [47, 48] .
Studies have demonstrated that in addition to activation of the polyol pathway, inhibition of G6PD will also lead to a shunting of glucose into the hexosamine pathway [49, 50] . Hyperglycemia inhibits eNOS activity by activating hexosamine pathway via mitochondrial overproduction superoxide, which was accompanied by an increase in O-linked N-acetylglucosamine modification of eNOS and a decrease in O-linked serine phosphorylation at residue 1177 [51] . Hyperglycemia also decreases anti-inflammatory protein A20 expression via O-glucosamine-N-acetylation-dependent ubiquitination and proteasomal degradation in response to inflammatory stimuli in VSMCs and endothelial cells [52] .
Activation of PKC
PKC is a serine-threonine protein kinase with 15 isoforms, and it is active in cellular signal transduction, regulates cell growth and proliferation, senescence, and apoptosis. Hyperglycemic activation of PKC signaling leading to increased ROS production has been associated with loss of the p47phox subunit of NADPH oxidase [53] , and the induction of AGEs contributing to NADPH-related oxidative stress in cardiac vascular endothelial cells has also been associated with PKC activation [54] . Increased intracellular DAG has been reported to activate nine of the 15 PKC isoforms [55, 56] . AGEs, ROS, growth factors, and cytokines promote de novo synthesis of DAG from triose phosphate derived from glucose metabolism. Triose phosphate availability is increased by inhibition of the glycolytic enzyme GAPDH by an excess of ROS [7, 57] . These finding demonstrate the importance of ROS caused by PKC in diabetes mellitus.
PKC activation induces endothelial dysfunction, increases vascular permeability, and inhibits angiogenesis, all of which accelerate the progression of atherosclerosis. PKCβ activation in diabetic ApoE null mice increased the expression of inflammatory mediators and accelerated atherosclerosis. In that model animal model, PKCβ interacted with ox-LDL to induce the ICAM-1 expression by activating extracellular regulating kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and early growth response protein 1 signaling [58] . Transcription of the proinflammatory cytokines IL-1β, IL-18 and cluster of differentiation 11c were also increased [59] . The expression of inflammatory cytokines, macrophage infiltration of plaques, and lesion size were all reduced in diabetic ApoE −/− PKCβ-/-knockout mice [58] . PKCβ2 overexpression in vascular endothelium has been found to inhibit downstream expression of phosphatidylinositol 3-kinase (PI3K)-AKT, resulting in insulin resistance and to a decrease in eNOS activation [60] . The PKCβ-related effects can be blocked by the synthetic inhibitor LY379196 [61] . Other studies have shown that activation of PKC in VSMCs by hyperglycemia induces expression of the permeability enhancing factor VEGF and decreases NO generation. The evidence warrants further investigation of the PKCβ effects on PI3K/AKT signaling, Ras related C3 botulinum toxin substrate 1 (Rac1), P21 activated kinase 1 (PAK1), and the JNK/ERK/P38MAPK pathway. The harmful effects would include foam cell formation, increase endothelial inflammation and endothelial relaxation dysfunction [62] [63] [64] .
Indirect role of ROS in atherosclerosis
3.1. Increased production of ox-LDL T2DM is characterized by disorders of lipoprotein metabolism that are ultimately associated with plaque formation and ox-LDL accumulation during atherosclerosis [65, 66] . Inhibition of ROS production protects endothelial cells from ox-LDL accumulation and macrophage proliferation during plaque development. ROS interfere with endogenous antioxidants such as vitamin E and oxidize the polyunsaturated fatty acids on the surface of LDL particles causing them to rupture. Fatty acids are converted to reactive aldehydes by lipid peroxidase and they crosslink with apolipoprotein B to generate conjugated diolefines and ox-LDL [67, 68] . Ox-LDL are not recognized by LDL receptors, and they are more readily bound by the scavenger receptors of macrophages.
Ox-LDL induces endothelial cell apoptosis via both caspase dependent or independent pathways, promoting inclusion in atheromas and foam cell formation (Fig. 2) [69] . NO is an antioxidant, but combines with O 2 − to form peroxynitrite, which promote LDL oxidation plaque development and rupture [70] . Alteration of the structural integrity of vascular endothelium permits passage of ox-LDL into subendothelial tissues [71] . Ox-LDL stress was found to increase both miR-155 expression and autophagy in human endothelial cells, and was associated with inhibition of ras homolog enriched in brain (Rheb)-mediated mammalian target of rapamycin (mTOR)/P70S6kinase/eIF4E-binding protein (4-EBP) signaling ( Fig. 2 ) [72] . The increase in NADPH oxidase activity in response to ox-LDL has been shown to lead to eNOS uncoupling and inhibition of NO production ( Fig. 2 ). Ox-LDL-induced suppression of eNOS was inhibited by silencing the ox-LDL receptor-1 (LOX-1) [73] .
Ox-LDL induces the expression and release of inflammatory modulators, leading to promotion of monocyte migration, increased density of macrophage scavenger receptors, and increased uptake of ox-LDL during foam cells formation [74, 75] (Fig. 3) . A previous study showed that the atherogenic effects of ox-LDL were mediated by the TLR4 pathway. Inhibition of TLR4 expression downregulated NF-κB activity, reduced MCP-1 and IL-8 expression in monocytes in response to ox-LDL, and slowed the progression of atherosclerosis [76] . However, study also demonstrate that ox-LDL and TLR4 activation to elicit an inflammatory response from human monocytes and macrophages was due to LPS contamination [77] . Ox-LDL were also shown to induce time-and dosedependent downregulation of nuclear cAMP response element binding protein, which regulates VSMC quiescence [78] . Genetic deletion of lipoxygenases has been shown to decrease LDL oxidation in mouse models of atherosclerosis, and inactivation of paraoxonase 1 was found to indirectly inhibit LDL oxidation. Finally, the presence of anti-ox-LDL IgM antibodies was shown to be correlated with apoptosis, lipid metabolism, and inflammation [79] .
Increased insulin resistance
Study discloses that diabetic rats countervail ROS stress by reprogramming the energy metabolic pathway from glycolysis into lipid oxidation to compensate the ATP requirement of the body, which causes insulin resistance [80] . The development of insulin resistance is dependent on not only genetic and environmental factors but also on immune-mediated mechanisms such as insulin or insulin receptor antibodies or autoimmune destruction of adipocytes [81, 82] . The involvement of ROS in insulin resistance may involve activation of redoxsensitive signaling pathways, such as p38MAPK, JNK, IkB kinase (IKK), and ERK, all of which increase serine phosphorylation of insulin receptor substrate (IRS) proteins and impaired insulin signaling [83, 84] . ROS interferes with PI3K/AKT signaling to decrease both NOS expression and glucose metabolism, but the MAPK pathway is stimulated. Insulin resistance results in compensated hyperinsulinemia. All these effects contribute to disruption of insulin-stimulated glucose metabolism and increased risk of cardiovascular disease (CVD) in type 2 diabetics mellitus [85] . A multi-center study reported an association between insulin resistance and multivessel coronary artery disease in nondiabetic survivors of myocardial infarction. The association was independent of other metabolic risk factors, and insulin resistance was associated with a higher risk of CVD in nondiabetic than in diabetic study participants [86, 87] .
Insulin resistance has been correlated with atherosclerotic changes in endothelial cells, VSMCs, and macrophages [82, 88, 89] . It activates the MAPK pathway, increases production of inflammation cytokines, and promotes VSMCs proliferation and plaque formation [90] . The Fig. 3 . Pathogenic mechanisms induced by ROS to promote foam cells formation. In diabetes mellitus, increased ROS induce ox-LDL production and augment of SR density, promoting the cholesterol accumulation in macrophage. Decreased adiponectin induced by ROS also promotes cholesterol accumulation via increased expression of ACAT-1 and SR. Downregulated AMPK improve cholesterol accumulation in macrophage through loss of phosphorylating ACC1 at Ser79 and ACC2 at Ser221. In macrophage, the activity of NF-κB is increased by reduced adiponectin through AdipoRX and by decreased AMPK upregulating SIRT1, FOXO and PGC-1α. Decreased AMPK also increases NLRP3 activation in macrophage, and promote expression of inflammatory factors. These all contribute to the foam cells formation in diabetes mellitus-accelerated atherosclerosis. ASC, apoptosis-associated speck-like protein containing CARD.
apoptosis of VSMCs and plaque rupture observed in an insulin resistance model were correlated with activation of the chemokine (C-X3-C motif) ligand 1 (CX3CL1)/chemokine (C-X3-C motif) receptor 1 (CX3CR1) axis [91] . Insulin resistance also leads to endoplasmic reticulum (ER) stress, macrophage apoptosis, and subsequently expansion of the arterial plaque cores [92] . Studies showed that increased insulin secretion in response to insulin resistance promotes atherosclerosis [93] . Insulin increases hepatic very low density lipoprotein synthesis by stimulating sterol regulatory-element-binding protein-1c (SREBP-1c), inhibiting acetyl-CoA carboxylase, and augmenting LDL-cholesterol transport in cultured arterial SMCs [94] . Insulin is also a growth factor that promotes collagen synthesis, arterial SMCs proliferation, and expression of multiple genes that modulate inflammation [95, 96] . In the presence of insulin resistance, plasma adiponectin concentration is decreased. Adiponectin is an insulin-sensitizing adipocytokine via AMPK and PPAR-α activation and has antiatherogenic and anti-inflammatory activity [97] .
Decreased adiponectin
Adiponectin is a hormone secreted by adipose tissues that has antiinflammatory and acts to increase insulin sensitivity fatty acid oxidation and glucose utilization, thereby suppressing atherosclerosis development [97] . Low serum adiponectin levels are associated with increased risk of T2DM and have been identified as a strong predictor of future development of diabetes [98] . PPAR-γ, CCAAT/enhancer binding protein α (C/EBPα) and sirtuin 1 (Sirt1)/forkhead box O1 (FOXO1) increase adiponectin gene transcription [99] ; secretion is decreased in obesity-linked diseases, including insulin resistance/T2DM and atherosclerosis [100, 101] . ROS suppress expression of adiponectin mRNA in adipocytes through its effects on AKT and Janus kinase/signal transduction and activators of the (JAK/STAT) signaling pathway [102] . ER stress, JNK signaling, TNF-α acting through PKC and IL-6 acting through p42/44 MAPK downregulate adiponectin transcription [103] [104] [105] [106] . Adiponectin protects against oxidative stress in vascular endothelium by promoting NO synthesis via AMPK-mediated phosphorylation of eNOS at ser1177 and ser633 and suppressing the expression of gp91phox, a NADPH oxidase subunit, in an AMPK-independent manner [107, 108] . Adiponectin activity is determined by its binding to its AdipoR1 and AdipoR2 receptors. AdipoR1 binding induces the influx of extracellular Ca 2+ and activation of Ca 2+ /calmodulin-dependent protein kinase and AMPK in skeletal muscle and liver, both of which have antiatherogenic activity [109] . AdipoR2 binding also increasing the expression of PPARα ligands that accelerate fatty acid oxidation and energy consumption [110] . AdipoR1/AMPK signaling upregulates SirT1, increases PPARγ coactivator (PGC-1α) expression, and decreases protein acetylation, and increases the number of mitochondria in myocytes. Consistent with those effects, decreased adiponectin and AdipoR1 may be causally associated with mitochondrial dysfunction and increased inflammation in diabetes mellitus [111] . SirT1 has also been reported to deacetylate PPARγ at Lys268 and Lys293, leading to upregulation of adiponectin and downregulation of proinflammatory cytokines, such as MCP-1 and IL-6 [112, 113] .
Adiponectin downregulates the expression of adhesion molecules in the vascular endothelium. It decreases expression of ICAM-1, which promotes monocyte adhesion to the vascular endothelium, by inhibiting TNF-α mediated activation of NF-κB ( Fig. 2) [114] . The suppression of NF-κB activation results in transrepression of NF-κB target genes, including COX2, which is thought to contribute to the antidiabetic and antiatherogenic activities of adiponectin [115] . Adiponectin reduces the expression of CRP mRNA in a dose-dependent manner by upregulating AMPK and downregulating NF-κB, and inhibits growth factor-induced VSMC proliferation by inhibiting MAPK [116] . Adiponectin inhibits foam cell formation by decreasing the expression of acyl-CoA:cholesterol acyltransferase 1 (ACAT-1) and macrophage scavenger receptor (SR)-A [117] (Fig. 3) . It promotes AMPK-dependent polarization of macrophages toward an anti-inflammatory phenotype [118] , and can increase macrophage IL-6 via activation of NF-κB through AdipoRX (Fig. 3) . This leads to activation of STAT3 in hepatocytes, increased IRS-2 in the fasted state, and increased insulin sensitivity [119] . In an in vitro study, insulin reduced the expression of AdipoR1/2 via the PI3K/FOXO1-dependent signaling, and adiponectin increased high-density lipoprotein cholesterol and decreased triglyceride concentrations [120] (Fig. 3 ).
Decreased NO production
Hyperglycemia, ox-LDL, ROS, BH4 deficiency, L-arginine (an eNOS substrate) and eNOS S-glutathionylation, all lead to the uncoupling of eNOS [121, 122] . NOS has three isoforms. ENOS and neuronal (n)NOS are atheroprotective, but inducible (i)NOS is proatherogenic [123] . ENOS produces NO, which has endothelial vasoprotective activity [124, 125] , and nNOS acts in the vascular wall and atherosclerotic plaques to promote vasodilation [126, 127] . INOS competes with eNOS for cofactor BH4 to reduce eNOS-mediated NO generation and facilitate the generation of peroxynitrite, a proatherosclerosis oxidant. Peroxynitrite also promotes eNOS uncoupling by transforming BH4 to BH2. In addition to decreasing NO production, peroxynitrite contributes to ROS production in diabetes mellitus [128] [129] [130] .
Animal studies have demonstrated opposing activities of vascular ROS and NO in atherogenesis. NO protects against ROS-induced damage to macromolecules; ROS limits NO activity. ROS targets soluble guanylate cyclase, the intracellular receptor of NO, changing the β subunit Fe 2+ to Fe 3+ , leading to loss of VSMC responsiveness to NO [131] . NO helps to maintain cardiovascular homeostasis, and the reduction of endogenous NO promotes atherosclerosis. The antiatherogenic effects of NO include inhibiting leukocyte and platelet adhesion to vascular wall, endothelial cell activation, macrophage infiltration and activation, VSMC proliferation and LDL oxidation [124, 132] . NO can also modulate inflammation in human vascular endothelial cells by activating PPAR-γ via a p38-MAPK-dependent mechanism [133] .
Moreover, endothelium-derived NO appears to be involved in the enzymatic conversion of L-cysteine into hydrogen sulphide (H 2 S). Endogenous H 2 S is significantly impaired in the hyperglycemic condition in non-obese diabetic mice [134] and type 2 diabetes patients [135] , the mechanism is associated with mitochondrial ROS overproduction increased H 2 S degradation, which induce damaged vasorelaxation and vascular inflammation. H 2 S replacement reduces DNA damage and activation of PARP to exhibit antioxidant properties, and protects hyperglycemic endothelial cells [136] . Furthermore, H 2 S attenuates diabetes-accelerated atherosclerosis, which may be associated with inhibition of oxidative stress via Keap1 sulfhydrylation at Cys151 to activate nuclear factor erythoid 2-related factor 2 (Nrf2) signaling and decrease endothelial dysfunction and foam cells formation. Nrf2 is an important cellular defense mechanism against oxidative stress as it induces a battery of antioxidative proteins, including heme oxygenase 1 [137] .
Activation of the ubiquitin-proteasome system (UPS) and small ubiquitin-related modifier (SUMO) proteins
The UPS is a main protein degradation pathway in metabolism regulation. Recent evidence indicates that it takes part in the pathogenesis of CVD, ischemia-reperfusion injury, and atherosclerosis. Small ubiquitin-related modifier conjugation (SUMOylation) is similar to UPS and both depend on ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin protein ligase E3. Both UPS and SUMOylation begin with ATP-dependent formation of a covalent bond with ubiquitin catalyzed by E1 and transfer of ubiquitin to E2. E3 links ubiquitin to specific target proteins [138, 139] . SUMOylation regulates the interaction and location of proteins; UPS induces protein degradation [140] . SUMOylation and UPS are highly activated in diabetes mellitus by oxidative stress [141] , and ubiquitin protein ligase E3 is involved in the development of insulin resistance. E3 ubiquitin ligase can directly degrade the insulin receptor, IRS and other insulin signaling molecules via UPS activity. It can also regulate insulin signaling indirectly by inducing production of proinflammatory mediators involved in the regulation of insulin signaling molecules, including TNF, IL-6, IL-4, IL-13, IL-1, MCP-1, and hypoxia-inducible factor α (HIF-α) [142] .
Hyperglycemia triggers changes in the expression of genes in vascular endothelial cells that result in long-term upregulation of inflammation [143] . One mechanism involves increased inhibitor of κB (IκB) ubiquitination [144] . When bound to IκB, NF-κB is inactive. TNF can activate IKK, leading to IκB degradation via ubiquitination and the freeing of NF-κB, which translocates to the nucleus and transactivates proinflammatory genes [145] . IκBα can also be modified by SUMO1 to protect it from ubiquitination and degradation, thus limiting NF-κB activation [146] . Modification of IκBα by SUMO2/3 has the opposite effect and leads to NF-κB activation [147] .
ERK5 is a MAPK with a protective role in endothelial homeostasis. It links diabetes mellitus and atherosclerosis by regulation of PPAR and Kruppel-like factors (KLF). In diabetes mellitus, ROS and AGEs stimulate ERK5 SUMOylation and inhibit ERK5 transcriptional activity in vascular endothelial cells. This leads to transrepression of atheroprotective genes by PPARγ and KLF2/4-mediated eNOS expression, both of which increase NF-κB activation and promote subsequent endothelial dysfunction and atherosclerosis [148] (Fig. 2) . ERK5 SU-MOylation is increased by activation of p90 ribosomal S6 kinase (p90RSK) that leads to phosphorylation of SUMO-specific proteases 2 at the T368 residue and loss of protease activity [149] . p90RSK binds to the C-terminus of ERK and phosphorylates it at the S496 residue, contributing to increased VCAM1 expression and reduced eNOS expression, in the presence of hyperglycemia. P90RSK also inhibits the transactivation of anti-inflammatory genes induced by ERK5 [150] .
Decreased activation of AMPK
AMPK is a widely expressed serine/threonine protein kinase that functions as an intracellular energy sensor and participates in the regulation of cellular and whole body metabolism [151] . It forms heterotrimeric complexes, including an alpha (α1, α2) catalytic subunit and beta (β1, β2) and gamma (γ1, γ2, γ3) regulatory subunits. AMPK is activated physiologically by an increase of the cellular AMP/ATP ratio and pharmacologically by metformin, thiazolidinediones (TZDs) and statins [152] . AMPK activation has been found to occur in association with increased glucose uptake, fatty acid oxidation, mitochondrial biogenesis, and autophagy and with suppression of fatty acid and cholesterol synthesis [153] . Dysregulation of AMPK activation contributes to the onset and development of diabetes mellitus and atherosclerosis. AMPK activity is generally inhibited by activating transcription factor 3 as glucose concentration rise above the physiologically range in various cells, which is especially true in islet βcells [154] . Glutaredoxins (Grxs) and ROS regulate AMPK activation. At low ROS levels, Grxs-mediated S-glutathionylation of the AMPK-α catalytic subunit activates AMPK to maintain the redox balance. Sustained high ROS levels result in loss of AMPK activity, which may be a cause of subsequent atherosclerosis [155] .
AMPK activity was reduced in response to chronic low-grade inflammation associated with T2DM, insulin resistance, and atherosclerosis caused by LPS, TNF-α, and a high-fat diet in a germ-free mouse model and in human adipose tissue [156] [157] [158] . AMPK is an inhibitor of acute proinflammatory responses [159] and regulates inflammation in atherosclerosis through phosphorylation of several key proteins that mediate downstream signaling pathways. AMPK can inhibit VSMC proliferation related to loss of cell cycle regulation by increasing P53 expression [160] . It can decrease TNF-α induced monocyte adhesion to human aortic endothelial cells [161] . AMPK has also been shown to protect against damage from ER stress by phosphorylating C/EBPhomologous protein and promoting its degradation in vivo [162] . Activation of AMPK has also been found to inhibit ER stress induced by ox-LDL and enhanced sarcoplasmic/endoplasmic reticulum Ca 2+ ATPase (SERCA) oxidation, resulting in decreased endothelial dysfunction and atherosclerosis in an in vivo model [163] . AMPK stimulates release of NO in the vascular endothelial cells by phosphorylation of eNOS at Ser1177 and Ser633 [164] (Fig. 2) .
AMPK phosphorylation of SREBP-1c at Ser372 suppresses SREBP-1c cleavage, translocation, and target gene expression in hepatocytes, leading to reduced lipogenesis and lipid accumulation when exposed to high glucose concentration [165] . Increased SREBP-1a expression in macrophages directly upregulates transcription of NLRP3 inflammasomes [166] . AMPK phosphorylation of acetyl-CoA carboxylase (ACC)1 at Ser79 and ACC2 at Ser221 inhibits macrophage cholesterol accumulation by promoting HDL-cholesterol efflux, leading to decreased formation of atherosclerosis plaques in ApoE-mice [167, 168] (Fig. 3 ) and in α1AMPK knockout mice on the LDL receptor knockout background [169] . AMPK was found to repress macrophage NF-κB expression by upregulating expression of Sirt1, FOXO family proteins, and PGC-1α, which then decreased activation of the RelA/p65 subunit of NF-κB [170] (Fig. 3) . As with Sirt1 deacetylation of the P65 subunit of NF-κB subunit, activation of protein phosphatase 2A (PP2A) by AMPK decreases Ser536 phosphorylation of NF-κB p65, leading to the decreased expression of proinflammatory factors such as TNF-α, IL-1β and IL-6 in macrophages [171] . AMPK has also been found to upregulate the expression of the anti-inflammatory cytokine IL-10 in macrophages [172] (Fig. 3 ). Decreased AMPK expression was found to inhibit oxidation of fatty acids, with increased accumulation of fatty acids leading to ER stress that further activated the macrophage inflammatory response [173] . Other studies have shown that downregulation of macrophage AMPK mediated fatty acid activation of NLRP3 inflammasomes, with subsequent production of IL-1β and IL-18 [174, 175] (Fig. 3) , and that AMPK activation suppressed ox-LDL-induced macrophage proliferation [176] .
Gut microbiota in diabetes-accelerated atherosclerosis
The gut microbiota is a complex community of bacteria residing in the intestine, including more than 1014 species bacteria, archaea, viruses, fungi and protozoa [177, 178] . The majority are bacteria in the Phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia [179] [180] [181] . The bacterial load in digestive system increases exponentially from the stomach, duodenum, jejunum, ileum, to the colon [182] . Insulin resistance and low-grade peripheral inflammation are more prevalent in patients with microflora dysfunction, and T2DM is characterized by altered gut microbiota, inflammation and gut barrier disruption [183, 184] . If the intestinal flora is disturbed, then LPS produced by gram-negative bacteria may lead to metabolic endotoxemia and low-level inflammation that can contribute to development of insulin resistance and T2DM. Fatty acids may trigger the binding of toxin, TLR4/CD14, and TLR2 to stimulate innate immune responses [185] . Recent evidence suggest that changes in the gut microbiota in response to metformin may mediate its treatment effects [186, 187] . Metformin induced marked alterations in the gut microbiota of treatment-naive T2DM patients, and the effect mediates the glucoselowering effects of metformin. Transfer of fecal samples from those patients to germ-free mice improved their glucose tolerance, showing an improvement in glucose-lowering response [188] . The abundance of the gut microbiota also improves with metformin treatment in humans [189] .
Diabetes mellitus and atherosclerosis are associated with some similar alterations in the composition of the gut microbiota composition and its metabolites, such as increased Lactobacillus, LPS and trimethylamine N-oxide (TMAO). The gut microbiota influences oxidative stress in the vascular wall and the progression of inflammation in atherosclerosis. An increase in the Escherichia coli population can increase production of uric acid, which contributes to the overproduction of oxygen free radicals, vascular endothelial dysfunction, and inflammation [190, 191] . Increased TMAO has been associated with glycemic control in T2DM patients [192] [193] [194] . In patients with atherosclerosis, choline produced by gut microbes was converted to trimethylamine and then to TMAO by flavin-containing monooxygenase 3. TMAO promoted CD36/SR-AI mRNA and protein expression in macrophages, increased foam cell formation, and enhanced aortic atherosclerotic plaque development [195] . LPS produced by increased gram-negative bacteria populations can be identified by TLR4 specificity, and activation of NF-κB by myeloid differentiation factor 88 (MyD88), resulting in increased expression of inflammatory factors such as IL-6 and TNF-α [196] . In addition, Helicobacter pylori may act directly on atherosclerotic plaques, as its DNA has been found in arterial plaques. It can induce the expression of TNF-α and IL-6 [197] ( Fig. 4) . Not all gut microbes promote atherosclerosis development. Increased probiotic bacteria such as Bifidobacterium or Lactobacillus can reduce inflammation and insulin resistance, and have been associated with decreased atherosclerosis [198, 199] .
MicroRNAs in diabetes-accelerated atherosclerosis
MiRNAs are small noncoding RNAs with approximately 22 nucleotides. They downregulate target genes by post transcriptional mechanisms, and are involved in both physiological and pathological conditions [200] . MiRNAs thought to be involved in diabetes mellitus and in the progression of atherosclerosis are shown in Table 1 . MiRNAs involved in the pathogenesis of diabetes mellitus include the let-7 family, miR-126, and miR-200, which influence pancreatic β-cell function and insulin resistance and have been directly associated with oxidative stress and inflammation [201] . The let-7 family members modulate inflammatory responses, are decreased in carotid plaques of humans with diabetes mellitus and in atherosclerosis that develops in animal diabetes models. Reduced let-7 miRNA expression via Lin28b, a negative regulator of Let-7 synthesis, was associated with in vitro PDGF and TNF-α treatment of VSMCs and endothelial cells. Restoration of let-7 expression inhibit the production of mediators in vascular inflammation, including IL-6, IL-1β, and NF-κB [202] . MiR-126 was significantly reduced in a group of Chinese patients at risk of atherosclerosis or with diabetes mellitus [203] . MiR-126 is an endotheliumspecific microRNA that regulates vascular integrity and angiogenesis [204] . Upregulation of miR-126 activates endothelial cells and endothelial progenitor cells damaged by hypoxia leading to vascular repair [205] . The evidence shows that decreased miR-126 contributes to the development of atherosclerosis. ROS upregulates miR-200c via a p53-dependent mechanism. MiR-200c was found to directly target the 3′ untranslated regions of Sirt1, eNOS, and FOXO1, and to disturb the regulatory loops of these factors. This results in increased ROS production, decreased NO production and vascular dysfunction [200] . MiR-210 was found to target oxidative phosphorylation, affecting mitochondria complexes 1, 2, and 4, and decreasing mitochondrial ROS production. MiR-210 has also been found to negatively regulate the NF-κB pathway and inhibit the production of proinflammatory cytokines in macrophages [206] .
MiR-34 was among the miRNAs upregulated in newly diagnosed diabetes mellitus patients, and was associated with AMPK activation [207] . Upregulation of miR-34a was related to insulin resistance and may be involved in accelerated diabetic atherosclerosis. MiR-34a directly decreased Sirt1 expression, NAD + -dependent lysine deacetylase, and targeted nicotinamide phosphoribosyl transferase, the rate-limiting enzyme in the salvage pathway of NAD + biosynthesis [208] . As Sirt1mediated deacetylation is essential for complete function of the AMP-K-activating kinase liver kinase B1 (LKB1), AMPK-related antiatherogenic function was diminished [209] . In diabetic mellitus, overexpression of miR-451 decreases activation of AMPK by LKB1 via decrease of LKB1 scaffold protein calcium-binding protein expression. Consistent with this, the miR-144/451 cluster was downregulated by stretching of VSMCs, leading to phosphorylation of AMPK and subsequent contractile differentiation [210] . Insulin resistance was also associated with upregulation of miR-128-1, which is thought to regulate And increased Helicobacter pylori (H. pylori) can also induce the expression of TNF-α and IL-6. Increase of Escherichia coli (E. coli) promotes the production of uric acid, which contributes to the overproduction of oxygen free radicals, causing vascular endothelial dysfunction. Increased choline induces TMAO generation, promoting macrophage CD36/SR-AI mRNA and protein expression, increasing macrophage foam cells formation. FMO3, flavin-containing monooxygenase 3.
Sirt1 expression, and to influence expression of some components of AMPK [12] .
MiR-128-1 is also linked to human dyslipidemia. Increased miR-128-1 dysregulated cholesterol lipid and energy hemostasis in an ApoE −/− mouse model [211] . MiR-200c has also been associated with hypercholesterolemia and is upregulated in diabetes mellitus [13] . MiR-122 participates in the pathogenesis of diabetes mellitus through is effects of pancreatic β-cell function and insulin resistance, and it has been implicated in the metabolism of hepatic cholesterol and fatty acids. In vivo studies have shown that miR-122 inhibition contributes to decreased plasma total cholesterol in both mice and nonhuman primates [212, 213] , but was not associated with the development of incident CVD over 15 years of follow-up [214] .
MiRNAs are also involved in VSMCs dysfunction. In diabetic mice, high glucose upregulated miR-504 and inflammatory genes, but downregulated Grb10, an miR-504 inhibitor. Overexpression of miR-504 in VSMCs inhibited contractile genes and enhanced ERK-1/2 activation, proliferation and migration [215] . MiR-125b and miR-200 family members were upregulated in VSMC from T2DM db/db model mice (db/dbVSMC) compared with control db/+ mice (db/+VSMC). The miRNAs triggered an inflammatory VSMC phenotype by targeting suppressor of variegation 3-9 homolog 1, a histone methyl transferase, and a Zinc-finger E-box binding homeobox 1, a transcription repressor [216, 217] . MiR-138 was also found to regulate proliferation and migration of VSMCs under diabetic conditions [218, 219] . MiR-210 was upregulated in the plasma and urine of a group of type 1 diabetes mellitus patients [220] , and may contribute to stabilization of carotid plaques by inhibition of adenomatous polyposis coli expression, thereby affecting Wingless-related integration site (Wnt) signaling and regulating smooth muscle cell survival [221] . This indicates that miR-210 may be a therapeutic target for prevention of atherothrombotic vascular events.
Conclusion
Knowledge of the mechanisms responsible for accelerated atherosclerosis in diabetes mellitus patients has increased in recent years. The pathogenesis of diabetic atherosclerosis is complicated, involves not only hyperglycemia but also dyslipidemia, changes in secretion of hormone other than insulin, and a proinflammatory state. These factors influence the direct effects of elevated glucose on diabetic atherosclerosis, and may also influence the pathogenesis of diabetes mellitus. Oxidative stress induces inflammation; inflammation promotes ROS production. Oxidative stress and inflammation impair pancreatic β cell activity and insulin sensitivity. These effects form a vicious cycle that increases the complexity of the causes of diabetes-accelerated atherosclerosis. This review describes four pathways involved in ROS production, mitochondrial dysfunction, AGE formation, and activation of the polyol and PKC pathways. Intracellular hyperglycemia initially causes excessive ROS production in mitochondria and then increases ROS production by the other three pathways. These pathways directly contribute to expression of inflammatory factors and the subsequent progression of atherosclerosis. ROS itself and some downstream products, such as ox-LDL, AMPK, and insulin resistance, contribute to inflammation during the progression of atherosclerosis. Prevention of vascular oxidative stress may be a feasible therapeutic strategy. Studies in ApoE −/− mice reveal persistent aortic atherosclerotic plaque development despite normalization of blood glucose levels for at least 8 weeks, which is referred to as "hyperglycemic memory". This may be a consequence of hyperglycemia-induced epigenetic changes and increased NF-κB subunit P65 expression, which can be prevented by normalizing ROS generation [2] . The development of novel treatments and prevention methods, and a deeper understanding of diabetes-accelerated atherosclerosis is required.
The influence of the intestinal microbiota in metabolic diseases, obesity and diabetes is widely accepted. Its effects in CVD are of ongoing interest. Similar changes occur in diabetes mellitus and atherosclerosis and may participate in mechanisms of diabetes-associated atherosclerosis. Gut microbiota dysregulation in diabetes mellitus can directly promote atherogenesis by changes in metabolites such as choline, oxidative stress, and inflammation. An increase of probiotic bacteria has an antiatherogenic effect by decreasing the production of endotoxins, enhancing intestinal barrier function, reducing inflammation, and improving insulin resistance. The identification of bacterial metabolites allows evaluation of microbial pathways as both mediators and potential pharmacological targets in cardiometabolic disease. Many studies indicate that diabetes mellitus is characterized by an imbalance of gut microbiota, and changes in the gut microbiota often appear before diabetes mellitus is diagnosed. However, the bacteria that are associated with progression of diabetes-accelerated atherosclerosis have not been identified. Further study of the casual relationship of gut microbiota and diabetes mellitus is warranted.
MiRNAs dysregulation contributes to diabetes mellitus and to the progression of atherosclerosis. MiRNAs are potential therapeutic targets, and the available clinical trial data shows the safety and efficacy of miRNA-based therapies. MiRNAs are easily synthesized, chemically modified to increase stability, and can be delivered to target tissues using specifically designed biomaterials. Many miRNAs dysregulation has been confirmed in atherosclerosis but not in diabetes mellitus. MiR-155 has been proposed as a therapeutic target for eNOS and impaired Table 1 MicroRNAs in diabetes joining in the inflammation progression in atherosclerosis. ABCA1, ATP binding casstte transporter A1; APC, adenomatous polyposis coli; ECs, endothelial cells; Egr2, early growth response protein 2; FAS, fatty acid synthetase; Grb 10, growth factor receptor-bound protein 10; NAMPT, nicotinamide phosphoribosyltransferse; PIK3R2, phosphstidylinositol-3-kinase regulatory subunit 2; SPRED1, sprouty-related, EVH1 domain containing protein 1; Suv39h1, suppressor of variegation 3-9 homolog 1; ZEB1, zinc finger E-box binding homeobox 1. endothelial cell-dependent vasorelaxation. It also targets type 1 angiotensin 2 receptor (AT1R), regulating the expression of endothelial cell inflammatory molecules, such as VCAM-1 and MCP-1 [222] . MiR-33 is involved in the regulation of lipid metabolism, regulation of inflammatory genes, and oxidative stress [223] . Few data are available on changes in miR-155 or miR-33 expression in diabetes mellitus and it is not clear whether diabetes induces their dysregulation. Further study is required to clarify the involvement of miRNAs in diabetes-associated atherosclerosis.
